Bacteriophage genomes are in a state of constant flux, reflecting a propensity to undergo rampant recombination (47, 49, 72) . As such, phage are an important vector for horizontal gene transfer (HGT) within and between bacterial species (15, 19, 63) . In addition, integrated temperate phage (prophage) frequently constitute the single greatest source of genomic variation among closely related bacterial strains (9, 16, 17) . This flexible pool of phage-encoded loci has wide-ranging effects that can alter a bacterial host's antigenicity, toxicity, or even metabolic capacity (4, 43, 87) .
While infection by multiple phage types is common in freeliving bacteria, phage are completely absent from bacteria with host-restricted lifestyles, such as obligate intracellular mutualists of insects (2, 24, 60, 86, 90) . However, among facultative (secondary) endosymbionts of insects, several phage have been found (21, 44, 54, 83, 85, 91) . APSE, a lambda-like phage, infects "Candidatus Hamiltonella defensa," a facultative endosymbiont known from a wide range of sap-feeding insects (aphids, mealybugs, psyllids, and whiteflies) (20, 22, 59, 74, 77) . Pea aphids, Acyrthosiphon pisum (Hemiptera: Aphididae), infected with "Ca. Hamiltonella defensa" and APSE are significantly more successful at surviving attempted parasitism by the solitary endoparasitoid wasps Aphidius ervi and Aphidius eadyi (Hymenoptera: Braconidae) (11, 31, 64, 65) .
Genome sequences from the two previously described APSE strains are highly similar except for a nonorthologous, 3.7-to 5.8-kb region that encodes homologs of two distinct eukaryotic toxins, Shiga-like toxin (Stx) and cytolethal distending toxin (CdtB) (57, 85) . Although the exact mechanisms underlying aphid protection are unknown, we have hypothesized that these APSE-encoded proteins, independently or in conjunction with bacterial chromosomal loci, are responsible for prematurely arresting the development of the wasp larvae (57) . Moreover, variation in the level of protection conferred on the aphid is known to be associated with genes encoding Stx and Cdt homologs (57, 65) . Also, the failure of a particular "Ca. Hamiltonella defensa" strain to protect aphids against the parasitoid A. ervi (65) has been linked to the absence of APSE (25) .
Although both symbiont and phage are vertically (maternally) inherited with high fidelity, incongruence among the phylogenetic trees of phage, bacteria, and hosts and the patchy distribution among host insect species indicate that both "Ca. Hamiltonella defensa" and APSE are sometimes horizontally transmitted, lost, or both (25, 74, 77) .
Here we have sequenced and analyzed the APSE toxin cassette region from seven additional insect host sources. We identified four new phage-encoded toxins that were flanked by highly conserved regions of the APSE genome. This hot spot for nonhomologous recombination is responsible for shuffling ecologically important genes among "Ca. Hamiltonella defensa" strains.
MATERIALS AND METHODS
Amplification of variable regions of phage genome. We previously identified a panel of 23 insects infected with "Ca. Hamiltonella defensa," of which 8 were confirmed to be infected with APSE (Table 1) (25) . We added a sixth marker (P24) to the five 1-kb markers previously sequenced from the APSE genome (25) . Then, using both existing and newly designed outward-facing primers located in each of these "anchors," we attempted to amplify the intervening regions of the APSE genome, which ranged from 4.5 to 13 kb in length (Table 2) . We also attempted to amplify the integration site boundaries from integrated and nonintegrated APSE. Primers flanking the bacterial (attB) and phage (attP) attachment sites were designed using preliminary data from the "Ca. Hamiltonella defensa" strain 5AT genome (P. H. Degnan and N. A. Moran, unpublished) .
Two sets of PCR conditions were used to amplify the various fragments. For amplicons longer than 7 kb, we used the FailSafe PCR system (Epicentre). Amplifications were set up in 10-l reaction mixtures with 0.5 U of FailSafe enzyme mix, 3 pmol (each) primer, 1ϫ FailSafe PreMix E buffer, and ϳ12 ng genomic DNA. A touchdown PCR was used, starting with an initial denaturation for 2 min at 94°C and then three cycles of 94°C for 50 s, 61°C for 50 s, and 72°C for 9 or 13 min, followed by seven cycles in which the annealing temperature was dropped by 1°C a cycle from 60 to 54°C, followed by 14 cycles with an annealing temperature of 54°C and a final extension of 72°C for 10 min.
For the remaining amplicons, we used 0.008 U of Taq (Eppendorf) in 10-l reaction mixtures with 4 pmol (each) primer, 250 pmol (each) deoxynucleoside triphosphate, a final MgCl 2 concentration of 2.5 mM, 1ϫ PCR buffer, and ϳ12 ng genomic DNA. These reaction mixtures were then cycled with an initial denaturation of 2 min at 94°C, followed by 35 cycles of 94°C for 30 s, 52°C for 50 s, 72°C for 3 to 6 min, and a final extension of 72°C for 10 min.
Successful amplifications of the target regions were scaled up to 30-or 50-l reaction mixtures and either sequenced directly or cloned. Cloning was carried out using the TOPO XL large construct kit according to the manufacturer's instructions (Invitrogen). Clones were screened, and positive clones were grown in 5-ml overnight cultures of LB plus kanamycin (50 g/ml) at 37°C. Frozen permanents were stored at Ϫ80°C, and plasmid DNA was purified using the Plasmid Mini kit (Eppendorf). Amplified phage genome fragments were sequenced by primer walking on an ABI3730xl sequencer using the BigDye Terminator v3 mix (Applied Biosystems). Sequence traces were then assembled and edited using the PHRED, PHRAP, and CONSED software applications (29, 30, 36) . All low-quality regions (Ͼ20) were resequenced or changed to NЈs. We used CONSED to identify all open reading frames (ORFs) encoding Ͼ30 amino acids and then manually annotated the ORFs using multiple lines of evidence (similarity BLAST and PFAM and structural Phyre) (5, 10, 51) . The partial APSE-2 genome reported previously (57) was completed, and annotated sequences of the new P3-P24 and the P41-P45 APSE phage fragments were submitted to GenBank. The sequenced attachment sites (attB and attP) and integrated boundaries (attL and attR) were also deposited in GenBank.
Evolutionary rates of phage loci. Phylogenetic trees were determined for each conserved APSE locus using the MrBayes software program, version 3.1.1 (73), as described in reference 25. Briefly, the nucleotide sequences for each gene were aligned using the inferred protein sequence in the ClustalW software program (82) . Substitution model parameters were chosen based on the results of a heuristic likelihood ratio test in the MrModeltest software program (61) and two independent runs of four simultaneous incrementally heated Markov chain Monte Carlo chains. After 25 million generations, average posterior probabilities of the 50% majority rule consensus tree topology were estimated using a burn-in of 500,000 generations from each of the two runs. Estimates of the rates of nonsynonymous changes per nonsyonymous site and synonymous changes per synonymous site were determined for each locus using the consensus tree topology in the software program PAML v3.15 (92) . Toxin and lysis gene phylogenies. Orthologous toxin and lysis genes were recovered from GenBank, and protein sequences were aligned using the Mafft and ClustalW programs (50, 82) . A conservative attempt was made to exclude gaps and ambiguous portions of the alignment. The programs PhyML and MrBayes were used to analyze the protein alignments, and bootstraps and posterior probabilities are reported below (37, 73) . Likelihood searches in PhyML were started from a neighbor joining tree (BIONJ algorithm), using the JTT model with four substitution rate categories and with the proportion of invariable sites and gamma distribution estimated from the data and then optimized. Finally, bootstrap values were calculated from 100 nonparametric bootstrap replicates. Bayesian searches were performed, starting from a random tree, with the proportion of invariable sites and gamma distribution estimated from the data (rates ϭ invgamma) and amino acid substitution rate matrix averaged over 10 models (aamodelpr ϭ mixed). Two independent runs of four simultaneous incrementally heated Markov chain Monte Carlo chains were run for 2 million generations, sampling every 1,000 generations, and posterior probabilities estimated after a burn-in of 1 million generations. Back-translated nucleotide alignments of several loci were analyzed using a partitioned codon model in MrBayes (79) and were concordant with the phylogenies generated from the amino acid alignments (data not shown).
Nucleotide sequence accession numbers. Annotated sequences of the new P3-P24 and the P41-P45 APSE phage fragments were submitted to GenBank under accession numbers EU794049 to EU794057. The sequenced attachment sites (attB and attP) and integrated boundaries (attL and attR) were also deposited in GenBank, with accession numbers EU794058 to EU794073.
RESULTS
The amplification and sequencing of APSE chromosome fragments from seven infected insects revealed five new APSE strains. Although the six gene anchors were amplified from all of the APSE strains, all six intervening regions were amplified only from APSE-3, -4, and -5. Three or four interanchor fragments failed to amplify for APSE-6 or -7, respectively (Fig. 1) . Several successful amplifications of particular intervening amplicons required alternate primer pairs, which suggests that divergence at the priming sites may have been the cause of failed amplifications. Alternatively, the phage or prophage genomes became rearranged through recombination or truncated/ inactivated by gene pseudogenization. Further evidence for these phenomena is found in the inability to amplify both the left and the right APSE/"Ca. Hamiltonella defensa" integrated junctures for APSE-4, -6, and -7 (attL and attR) (Fig. 1) .
The amplicons spanning genes P3 to P24 and P41 to P45 were the only two that showed significant length variation (P. H. Degnan, unpublished) . To determine the cause of their variable lengths, the products were amplified and sequenced by primer walking (Fig. 2) . The variation in lengths of the P41-P45 fragments corresponds to the presence or absence of a conserved hypothetical phage gene (G) and/or a 913-bp insertion within the DNA polymerase (P45). Alignment of P45 with orthologous DNA polymerases in the SPO2 family (14, 75) suggests that the insertion of 913 bp is unique to APSE and occurs downstream of the known active sites in the 3Ј35Ј exonuclease and the DNA polymerase domains (8, 12) .
Within the APSE "lysis" operon, between genes P3 and P24, we found a region highly variable in both length and gene content. This variable region contained putative toxin genes in all of the APSE strains. We identified divergent copies of genes encoding cytolethal distending toxin (cdtB), Shiga-like toxin (stxAB), and a class of putative YD-repeat-containing toxins. Additionally, variation in several strain-specific ORFs and variable combinations of holin and lysozyme genes were detected. This genic variation is in stark contrast to the high level of conservation of structural and regulatory genes; these averaged less than 0.5% divergence in pairwise comparisons (see Table  S1 in the supplemental material). Cytolethal distending toxin. The two copies of cdtB, carried by APSE-6 and -7 (Chaitophorus sp. and Bemisia tabaci), were extremely diverged from the cdtB gene encoded by APSE-2 (A. pisum strain 5AT). Despite the small amount of overall protein sequence identity (25 to 40% over the aligned region), the 12 active residues are completely conserved among all three copies (28, 53) . All of the alleles are AϩT biased (36 to 40% GϩC) and are below the averages for APSE and "Ca. Hamiltonella defensa" genes (45% and 42% GϩC, respectively) (25) ( Table 1) .
Unlike copies of cdtB commonly found among bacterial pathogens, these alleles are not flanked by cdtAC, genes which are involved in the transport of the toxic subunit (cdtB) (68, 78) . We have previously proposed that CdtB is delivered to its eukaryotic target by some other mechanism, either the "Ca. Hamiltonella defensa" type two secretion system, as in Salmonella (38) , the type three secretion system, or lysis of intracel- The APSE integration site in the "Ca. Hamiltonella defensa" chromosome was determined from the draft "Ca. Hamiltonella defensa" strain 5AT genome (Degnan and Moran, unpublished) . The attachment site in APSE (attP) is adjacent to the integrase gene P38 and corresponds to an identical 62-bp sequence in "Ca. Hamiltonella defensa" (attB), which overlaps with an arginine tRNA. (B) All six of the genomic fragments were amplified for the novel strains APSE-3, -4, and -5 (solid black lines) and for the previously sequenced strains APSE-1 and -2. Failure to amplify several interanchor fragments from APSE-6 and -7 (dashed lines) suggests recombination or degradation of the phage. One or both of the APSE/"Ca. Hamiltonella defensa" junctures have been confirmed by PCR for APSE-1, -2, -3, -4, -5, and -6 (vertical black bars). (57) . Analysis of the N termini of the three APSE alleles shows a weak similarity to a canonical Sec-dependent secretion signal (71) , suggesting that the export of these toxins may be dependent on the type two secretion system (see Fig. S1 in the supplemental material). These phage-encoded cdtB alleles form a monophyletic group distinct from those found in a wide range of bacterial pathogens (Fig. 3) . Although the tree is poorly resolved at internal nodes, it is of note that there are two clusters of toxin genes common among Helicobacter and Campylobacter species. The entire cdtABC operon in species of Helicobacter and Campylobacter with completed genomes lacks obvious signs of HGT (e.g., aberrant GϩC percentage and being flanked by mobile DNA). This suggests that vertical transmission and loss or restricted HGT among closely related species have led to the present distribution. However, in Escherichia coli, divergent copies of cdtABC have been sequenced and are carried not only on the chromosome but on a plasmid, an active phage, and a prophage (7, 48, 67) . Other bacteria, such as Salmonella enterica and Burkholderia phymatum, are similar to APSE in that they encode only the cdtB locus, which is likely to have been acquired by HGT, as evidenced by both a significantly lower GϩC percentage and the presence of transposable sequence elements (data not shown).
The large amounts of evolutionary divergence among cdtB alleles in APSE may result from the combination of elevated mutation rates in phage genomes and strong directional selection to avoid host immune mechanisms yet strong purifying selection at the active sites to retain toxicity. For example, expression of CdtB by mammalian pathogens has been demonstrated to elicit a strong antibody response (1, 89) , and in at least one case, CdtB is immunosuppressive and increases the potential for long-term colonization of the host (69) .
Shiga-like toxin. Shiga toxin is a major virulence determinant in toxigenic E. coli and Shigella dysenteriae, resulting in hemorrhagic colitis and hemolytic uremic syndrome (62) . The holotoxin has an A 1 B 5 protein structure with five beta subunits forming a pentameric ring that binds to cell surfaces and permits entry of the cytotoxic alpha subunit (27, 66) . Van divergence from that from APSE-1 (tree rate of nonsynonymous changes per nonsyonymous site: 0.063), although the P7 allele in APSE-4 has an inactivating mutation (ϩ1 bp). It is possible that the APSE stxB gene alone can disrupt cells, but we propose that the downstream ORF P9 is a functional analog of the cytotoxic alpha subunit (stxA). The product of P9 is slightly longer than those of the stxA genes (360 to 366 amino acids [aa] versus 315 to 319 aa), does not share either of the conserved amino acid domains found in Stx and other ricin toxins (see Fig. S2 in the supplemental material) (6, 33, 42, 46) , and lacks significant homology to any proteins in the NR or Pfam_ls database. However, the P9 alleles are predicted to encode eight alpha helices in their product's C terminus, and the P7 and P9 genes have an operon-like arrangement. The three P9 alleles encode nearly identical stretches of 36 and 42 amino acids at their corresponding N and C termini, respectively, flanking a region that is much more variable. Despite low sequence identity between the three alleles across this region (ϳ36%), there are six conserved amino acid motifs that may be associated with P9's binding or catalysis (see Fig. S2 in the supplemental material).
YD-repeat protein. The three A. pisum strains from Utah infected with APSE were found to have identical P3-P24 intergenic regions. This phage strain, APSE-3, encodes a 1,683-amino-acid YD-repeat protein (OrfZ). Genes encoding members of this protein family were originally described for E. coli as recombination hot spots (rhs) (32) . Orthologs encode the repeated peptide motif xxGxxxRYxYDxxGRL[I/T]xxxx, and their products are suggested to function as membrane-bound adhesins (32, 41) . Despite the growing number of identified YD-repeat proteins encoded in sequenced genomes, this protein family remains poorly understood (PFAM accession no. PF05593). Recent work has now shown that YD-repeat-containing proteins in E. coli are upregulated and are protective against the biocide polyhexamethylene biguanide (3), and in Myxococcus, a YD-repeat protein is involved with swarming motility (93) . An unpublished YD-repeat protein from Xenorhabdus bovienii is toxic to nematodes (GenBank accession no. CAC19493). Mechanisms for these activities are as yet uncertain.
Given the homology of our allele to the X. bovienii YD-repeat toxin gene (Fig. 3) and its presence in a phage associated with enhanced protection of insect hosts (25) , the APSE-encoded ORF protein might also be a toxin. If recombination at these loci is prevalent outside of E. coli, then the phylogeny in Fig. 3 should be treated with caution. However, the tree resolves several groups reasonably well, including the fungal and pseudomonad YD-repeat proteins. Recombining genes linked to putative toxins. (i) Bacterial cell lysis proteins. We found variation in the number and type of holin and lysozyme genes that occur directly downstream of those encoding the eukaryotic toxins (Fig. 2) . The APSE strains contained ORFs corresponding to two phylogenetically and structurally distinct groups of holins. The P11-like holins are homologous to the Lambda-like group I holins and have three transmembrane domains (88) . The "E"-like holins have only two transmembrane domains and are members of the phage 21 group II holin superfamily (88) . Despite the variation in length and structure, the two holins have similar roles in the timed disruption of the bacterial inner membrane that allows lysozyme access to the cell wall (88) .
Two distinct lysozymes were also identified in APSE (P13 and F) (Fig. 4) , and although they are highly dissimilar in sequence, both alleles encode members of the glycoside hydrolase family 24 (40) , and their products have the two residues essential in phage T4 for glycosidase activity (T4 Glu-11 and Thr-26) (52) . While lysozymes are primarily involved in lysis of the bacterial cell, the lysozyme of phage P22 is also packaged into the virion and is later released after the particle has adsorbed to the host cell, facilitating entry of the phage chromosome (56) . This same phenomenon may be present in APSE, since the structural genes involved in the construction of the phage virion and injection of the phage DNA into the bacterial host are orthologous to those in P22 (21, 85) .
Among the sequenced APSE fragments, the bacterial cell lysis genes E and F and P11 to P13 frequently cooccur; however, APSE-2 and -7 represent reciprocal recombinants that carry both types of holins and one or the other lysozyme allele. The recombination event that introduced P11 and P13 into APSE-7 appears to have occurred secondarily, since the holin E is encoded upstream of P11 to P13 while the last 23 aa encoded by F occur downstream. In situ observations indicated that APSE-1 is effective at lysing "Ca. Hamiltonella defensa" cells (85) , and in vitro experiments demonstrated that the product encoded by P11 from APSE-2 can lyse E. coli at high rates (I.-N. Wang, personal communication). The significance (if any) of phage bearing two holins or the presence of alternative lysozyme alleles remains unclear. FIG. 4 . APSE lysozyme protein phylogeny. The consensus maximum-likelihood phylogeny for the APSE lysozymes P13 and "F" is shown. These lysozymes form two distinct clades, each of which is most closely related to homologs found in Sodalis glossinidius, the facultative endosymbiont of tsetse flies (Glossinia morsitans). The brackets denote that P13-like lysozymes are all linked to an adjacent group I holin while F-like lysozymes are linked to a group II holin. Numbers in parentheses correspond to the gene number from the genome sequenced, and the asterisks indicate the two APSE strains that carry both a group I and a group II holin gene. The support values at the nodes list the bootstrap values from PhyML followed by posterior probabilities estimated in MrBayes. Genera are as follows: Y., Yersinia; G., Glossinia; V., Vibrio; S., Sodalis.
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(ii) Unique ORFs. Six ORFs apart from the putative toxins and the lysis proteins were annotated in the seven APSE genomes. Many have no known orthologs and have only weak structural predictions. An exception to this is ORF D from APSE-2, which has significant similarity to a recently identified gene in Photobacterium damselae subsp. piscicida, the Aip56 gene, which is involved in antiphagocytic activity (26). Possibly, the other unknown APSE ORFs are toxins or additional toxicity factors that facilitate transport or binding of the predicted toxins.
DISCUSSION
Bacteriophage are a central mechanism for HGT in bacteria (15, 19, 63) , and our findings on APSE indicate that bacteriophage can be a conduit for gene exchange among symbiotic bacteria residing in diverse insect hosts. A difference in toxin gene content between the first two sequenced APSE strains has been hypothesized to contribute to variation among "Ca. Hamiltonella defensa" strains' abilities to protect aphid hosts against attack by parasitoid wasps (25) . Here we have characterized five new APSE strains, encoding three families of toxins: CdtB, Stx-like, and YD-repeat toxins. The presence of these genes within a conserved region of the APSE chromosome can be explained only by nonorthologous recombination events within this localized region. In addition to reassorting these putative toxins, the footprint of recombination has led to heterogeneous sets of other potential virulence factors and phage lysis genes.
Previous experiments using genetically identical strains of aphids experimentally infected with "Ca. Hamiltonella defensa" strains demonstrated that aphids infected with "Ca. Hamiltonella defensa" and APSE had significantly greater success in arresting parasitoids than did aphids lacking "Ca. Hamiltonella defensa" or lacking APSE (57, 65) . The level of protection varied among the genetically distinct APSE strains (65) . This variation in phenotype between APSE strains is likely due to differences between the encoded toxins in target specificity, level or mode of activity, level of transcription, and/or mechanism of delivery. For example, Shiga toxins are known for having specific coreceptors, limiting the types of cells they can bind and therefore intoxicate (62) . These diverse toxins may target different parasitoids or pathogens, particularly since many parasitoids have narrow host ranges (55, 70) and APSE is found in diverse insect hosts (25) .
Although the genome organization of APSE is similar to that of other temperate phage, no putative operators for any of the regulatory proteins or phage-encoded toxins have been identified (85) . Our previous study showed that cdtB of APSE-2 is constitutively expressed, even in unparasitized aphids, at levels significantly higher than those for other phageencoded loci (57) . Thus, toxin genes apparently are expressed not only in cells undergoing lysis but in lysogens as well. The mechanisms used to deliver the toxins to the parasitoid wasp larvae are still uncertain.
We identified the APSE site of integration, overlapping an arginine tRNA, confirming that APSE is a temperate bacteriophage (lysogenic). Additionally, sequences spanning attB, attL, and attR were recovered from single insects, demonstrating that "Ca. Hamiltonella defensa" populations are heterogeneous for APSE infections. Thus, upon cell lysis, naive bacterial hosts are available for infection by APSE, and APSE could be lost due to population bottlenecks during vertical or horizontal transmission.
Effect of recombination on APSE strain diversity. APSE has a dynamic genome, reflecting horizontal transmission as well as intragenic and nonhomologous recombination. Repeated recombination events have resulted in a diversity of APSE strains, as represented by the seven described here. In each case, the GϩC percentage of the virulence cassette deviates from mean GϩC percentages for both APSE and "Ca. Hamiltonella defensa" (Table 1) , suggesting an exogenous source for these toxin genes. However, given the significant divergence of these toxins from known orthologs (Fig. 3) , identifying the source is difficult.
A single aphid or whitefly can harbor multiple symbionts as well as other commensal bacteria (20, 23, 31, 77) . For example, coinfections of distinct facultative endosymbionts are possible through sexual transmission (58) . APSE infections of various "Ca. Hamiltonella defensa" strains or rare/accidental infections of other aphid-borne bacteria may result in gene transfer. Natural selection may favor recombinant phages that encode novel toxins, providing greater resistance to parasitoids or pathogens and subsequently increasing in frequency among infected insects.
Alternatively, integrated phage can be inactivated by recombination or mutations that result in changes preventing phage excision, assembly, or bacterial cell lysis. Our inability to amplify the entire chromosomes of APSE-6 and -7 by PCR suggests that these phages have succumbed to this fate (Fig. 1) . Inactivation of prophages can benefit the bacterial host by allowing retention of lysogenic converting genes (e.g., toxins) without the inevitable fate of lysis and by providing immunity to superinfection by the same phage (16) . Relaxed selection, due to an absence of or change in the parasitoid or pathogen against which the phage toxins were providing a defense, could also lead to the inactivation of the APSE prophages.
Comparisons of APSE with phage of other insect endosymbionts. Recombination of bacteriophages commonly results in a mosaic genomic architecture in which different gene blocks are highly similar to those of distinct phages (47, 49) . APSE shares a core block of genes with the nonintegrative bacteriophage SG1 (also termed pSOG3), which infects the facultative endosymbiont of tsetse flies, Sodalis glossinidius (21) . In the Sodalis genome, 262 of 2,432 intact ORFs are phage related (83) , and numerous degraded prophage elements are homologous to APSE genes (Fig. 4) . In spite of these similarities, these phages and facultative endosymbionts have very different insect host ranges (Diptera versus Hemiptera).
APSE has been linked to a third facultative endosymbiont of insects with the discovery of at least one APSE-like gene (DNA polymerase; P45) in an Arsenophonus species, a symbiont of a psyllid insect host (39) . Arsenophonus species are facultative endosymbionts of a variety of insects, including dipterans, hemipterans, and hymenopterans (44, 74, 81, 84) , and thus are likely to overlap in host range with both Sodalis and Hamiltonella. In addition, the infection frequency of Arsenophonus in psyllids is positively correlated with the prevalence of the parasitoid wasp Psyllaphaegus bliteus (Hymenoptera: Encyrtidae) (39) . In sum, these data suggest that APSElike phage play an integral role in the reassortment of genes (76, 91) ; WO is variably present among Wolbachia strains (13, 18, 35) and undergoes intragenic recombination (13) . Furthermore, a comparison of several WO genomes reveals a conserved core of structural genes and a variable fraction that encode ankyrin repeat genes. Variable presence, number of repeats, and sexspecific expression of these ankyrin genes correlate with the effects of Wolbachia on host reproductive biology (34, 45, 54, 80, 91) .
Conclusions. Previous work suggested that the ability of "Ca. Hamiltonella defensa" to defend aphids from parasitoid invaders is linked to the presence of the bacteriophage APSE. We have now demonstrated considerable variation in the toxins encoded by APSE, and this variation is expected to influence the levels of protection against specific parasitoids or pathogens. Our findings indicate that the same phage-mediated processes known to generate genomic variation and pathogenicity in mammalian pathogens, such as E. coli and Salmonella enterica, also are important in genomes of insect symbionts that are beneficial to their hosts. Furthermore, insect symbionts are using toxin-encoding genes homologous to those of pathogens. Our data also indicate that two APSE strains have undergone substantial degradation yet have retained the virulence cassette containing intact toxin-encoding genes. Finally, the close relationships of phage genes from three distinct bacterial symbionts of insects strongly suggest that phage act as a conduit for ongoing gene exchange among facultative endosymbionts infecting a diverse set of insect hosts.
